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psi per foot of depth for this area in calculating the pressure resist­

ance in the unplugged dry holes. !'hat is the pressure at the bottom of 

a mid-filled hole of 5,000' depth (2385 psi or .477 psi per foot) yould 

exceed the natural piezometric head (2335 psi at 5,000' or .467 psi per 
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foot) in the area by 50 psi or by approximately 107' of salt yater head. 

This is a very lov pressure tolerance since as can be expected. an unsup-

ported earthen vell bore vill slough and heave vith time and tbe likely 

pressure resistance to repressuring below may be as high as .2 or .3 psi 

per foot. The use of a tolerance of .01 psi per foot is an arbitrary 

rule of thumb, but a better criteria for evaluating such situations does 

not presently exist. 

The problem of creating excessive or dangerous pressure condi-

ticms due to vaste disposal underlround may be approached from a differ-

ent perspective. Understandably, the injection of waste fluids into a 

f,au1t block area would necessarily '1nc:r~:" the aquifer pressure but 

variation in injection techniques can be utilized to control tbe magui-

tude ~f pres.ure buildup_ Should a certain aquifer intended for vaste 

confiD .. ent be considered unsate beyond a given pres.ure buildup toleranl 

thaza alternatiaa aquifar zonas milht be utilized to permit pressure leak, 

off aDdpre •• ure .ubsidence below the maztaumpreaaure condition. Where 

the aquifer properti_ are }ax)vu then the rate of pressure subsidence ca' 

be calculated aDd, the shutdown time detemined in order to maintain a 

safe pressure coDditiou. On the other haDd, with the advent of recent 

water d_altiua processes an industrial plant might furnish its vater 

supply requir .. ents from a brackish vater aquifer with desalting applied 

to create the desired vater quality. Waste waters from the same plant 
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would then be rerurned ~o this aquifer at a considerable distance a~ 

cycling process would thus furnish both the need for plant water supply 

while simul~ZDeously preventlna undesired pressure buildup in the zone 01 

waste confinement. The use of tMsconcept would depend on the supply 

volume required by an individual plant, the water quality required, and 

the cost of the desalting process necessary to accomplish this. 

As can be seen from Figure, 23 there i. no correlation between 

the volume of the fault block aquifer into which injection occurs and tht 

correspondiag pressure buildup resultiua from injection. The regional 

geology should be carefully studied to determine the fault block area a~ 

degree of confin~ent in order to a~ticipate the magnitude of future 

piezometric increases. This study revealed that with increasing depth 

the geoloaic "ruct:ures become more complex aDd the formation tran~ \ 

sibility is less; thus it would be'CEpected that higher injection pres-

sures will be requi~ed as deeper tnject~c: zones are utilized. Below 

5,000'. the problem is magnified by theco.t of special non-corrosive 

steel. which are req,uired to reach the.e ciepths. A 100d summary of the 

probl •• aruba fraa well cOlWtruction is reported by Klotzman (2) in 

an unpubliabacl paper. 

7ba Tczaa Water Quality Board, Subsurface Disposal Section. is 

reapouible for rev1ewina pemit applicatiou md determ1ni~ the f easi­

bility for UDderaroUDd disposal. Further, they are charaec! with reccm-

mendiDa to the Board the denial of a pe:mit request for subsurface 

disposal in those areas consid'ered inappropriate. 

It vas discovered from this srudy that an investigation \ .. ...., \ 

geologic struC1:Ure on a regional basis yields a far more realistic and 
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accurate pic~re of the proposed disposal zone t~ 1:. Zll a=ea =adiatillg 

only two to three miles from t::ae propos ed inj ec tor • :-~s ~c:pcis~ is 

shawn in Figure 5. a structure lUp on the Basal Mioce:e i~=e::=vc.!.. ~y 

st:rucrural details which would be revealed by a regic-..&.l r-t:dy of t!le 

geology are misSilli from an area e~compassilll only a :we t:l ~ree mile 

radius. (dashed circle, Figures 2 and 5). This r~iU3 of s~dr is :ore 

than ample to properly define &nd consider the conta1:.er ~ which waste 

fluids will be placed. The vaste fluids vill displace ue£:l~ c.!.l of the 

original salt water near the i:jector and the dist~ce ~~~h t~! vaste 

fluids would migrate is very St:all compared to a three til! :aC::'us. The 

pressure effects due t:o injec~on, however, cannot be cens~der~ in ~ch 

a short radius atld i: is this consideration t.7hich dem.a::lC.s a ~at'ier stud; 

area. In .this study •. a "regiou.al" area is considered as ~ cea of 10 

miles or more on a side which is required to define t:e orig~ deposi-

tional conditions. plus those subsequent =~~d1tioDS 1:. ~ de:ormztion 

occurred. Where an original depositional gradient of a fc::c.ation is ex-

hibited, such .. 140' per mile for the Frio, a sudden iut~ption in the 

gradient over a reaioiaal area vould iDdieate deformat!on by :ault1.ng, by 

fold1u& or by the upthrust move:nmt of salt doiDe iJ1tr:s:iou. In~erpreta­

tions sucb .. this ccmot be accomplished in a three ::lle area of iuves­

tigation. Without proper study a disposal well consi~ered 1:1 c:aa:zcu:z.icatic 

vi th other disposal· areas may a.ctually be separated b:r se.11 -'g :aults 

which prevent hydroloaic: fluid ca=muuication. 

Earthquakes are caused when opposing earth stresses become un­

equal and a balancinl effect occurs. It se .. logical to cCI':lcb.de that 

any subsurface pressure increase in the magnitude of ;00 t:I ~OO psi voul: 
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not trigger an earth movement. Pressure differentials of far greater 

magnitude have been created in this area previo~sly, due to producti~' 
framoil and gas fields and ;0 injection of oil field brines, without 

injurious effect. The cause and effect of earthquake occurrences due to 

waste injection in the area remains for detailed investigation. These 

sedtments are plastic in nature and no basement rocks are present. Van 

Pollen and Roover (18) give an excellent discussion on the mode of occur-

rence of an earthquake. It appears that con.iderably higher pressure 

buildups must be experienced from injection before the occurrence of 

earth shock is imminent. Oil field waste disposal experience over the 

last 40 years has caused no major earth movements. The maxtmum permitt~ 

pressure buildup i~ :he Houston Industrial Ar .. vill first be ltMited by 

the dry hol .. which exist and secondly by the leololieal ltmitations of 

the zone into which subsurface disposal is planned. Thele010gical~ ~ 
itationa would include the size of the aq~~~er as compared to the volume 

of fluid which it .must confine, the thickD .. s of tmpervious shales sepa-

rat1n&- the dispoaal zone from structurally hiaher zones containing usabl 

vater aDd the aeparation of the disposal zone laterally from any fresh 

vater interface. 

( 
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CONCLUSIONS 

1. The magn1~ude of pressure buildup due ~o injec~ion in t~e 

Hous~on Indus~r1al Area does no~ now present any predict&ble danger to 

the fresh water sands of the area. Such a danger migh~ be e~isioned 

from leakage along exis~ing fault planes which ex~end fra: ~be dep~h of 

injec~ion to the fresh wa~er horizon. Judging from ~he pressure diffar-

en~ials already created from oil and gas field produc~ion and from brine 

disposal in ~he area, ~he magnitude of pressure buildup ~~11 be far be-

low the necessary pressures to overcome exis~ing earth stresses. 

2. Many dry holes exis~ l.u ~he ROU5~on-Galveston area whid. 

pene~ra~e ~e desirable zones for waste disposal. In addition soce of 

these holes lack sufficient surface casing or were inadequately plugged 

so as to pro~ect the fresh water sands. Where ~hese hol&' exis~, the 

Texas Water Qualiey Board will guard against excessive pressure buildup 

in limiting ~he permissible pressure ~oler&Dce increase (~ .01 psi/foot 

of depth). 

3 •. Unfor~UDat.ly, ~he problem of pressure buildup due to in­

j ec~ion is not a function of the sand thickne.. ouly, but is deteminee 

by the degree of coDf1D ... ~ of the aquifer into which injection occurs. 

Very large pr ••• ur. 1Dcr ..... may result from injection into very thick 

, sands even thouah the ,area appurs to be infinite in extent. This would 

occur if the area w.r. confiDed by fault1n& or saDd pinchout. Conversely, 

a thin sand interval may experience little pressure buildup due to its 

unobstructed and larle areal extent. 
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4. The ac~ual migration of disposed vas~e fluids ex~ends a 

rela~ively small dis~&DCe from the source of injection since these fluids 

effec~ively displace the original brine fluids of the aquifer in a radial 

area. around the injector. In contrU~t the depositiDI of this waste vol­

ume near the injector creates a pressure interference which is felt over 

a far grea~er area. 

S. Due to the plastic nature of ~he Gulf Coast sedtments and 

to the lack of basement rocks in the area, it doe. not appear that earth 

shock. would be caused by the pressure buildup affect of w •• te disposal. 

6. Wherever ~here is concern for .:zc ... ive pressure buildup 

due ~o injec~iont ~he pressure may be controlled by alterna~ing the zone 

in_~o which disposal occurs or by cyclina the water aupply-ciisposal 

horizon. 



RECOMMENDATIONS n 
(1) !h. presence of regionally placed preasure-monitoring 

wells will pe.%'m1t the intelli;gent us. of th. area sediments for disposal. 

As application. for injection are made, the strategic location of such 

wells CaD b. d.term1ned. In the absence of plul11D& of known dry holes, 

monitor wells should be required between the dry hclaand the area of 

injection, just .. the Celanese Chemical Co. has provided at Clear Lake, 

Texas. 

(2) Continuous pressure recording and volama recording meters 

for each injector are necessary tw ~.t.rmine the accuracy of subsurface 

pressure calculations. A periodiC ch.ck of all m~ina devices wou~d 

prove their re.liabili~. Periodic (bottam-bole) pr~re fall-off tests 

would provide pressure data in the aquif.r. 

(3) Applicants for future .p.rmits should be required to fur-

utah accurat. reaional geology not limited to a short radius from the 

proposed injec~or. A.l.l coutrolling geololic futuru should be pre-

s.nted. 

(4) AD iDnDtOry of the prospective eli.pM-' sands and their 

cla.sification _ ~~ volume C1d pre.sure capacity i ••••• ntial. Such 

inventory .houlcl be aac:l. for each stratilraphic area .:Ehibitina hydro-

10lic c~D1c:at101l. Such C1 inventory could' b. cOlibiDed with a study 

of future diaposal'requirments to provide iDte11ilea.t: future planning. 

(5) The determination of the rate of outflav (leak rate) from 

each hydrololic proviDc. would permit the scheduliDl of the shut-down 

time required to reduce the pressure in a given area to an acceptable ( ) 
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level. Conversely. such knowledge would permit an injection rate to be 

maintained at such volume that no excessive pressures are created. In­

jectors completed at other depth .intervals would be alternated in dispos­

ing the flui~ waste. The pressure falloff-buildup rate can be ascertained 

by computer computatians such as demonstrat.d here. 

(6) SpeCial . research should be mada on the phenomena of frac­

ture inducti~ and leaka,e alou, old fault plan.s as related to injection 

operations. Additional research would include a study on the cause and 

effect of earthquakes as related to inj.ction. 

(7) Field and laboratory te.es should b. made to determine the 

compatabllity. 'rate of deterioration. and ad.orptionrata of certain 

,waste. uwier the subsurface conditions of pr •• lUra and temperature. 

(8) Co~ideration should be mad. for a cyclic disposal-water 

~upply prorram tD which watar dasaltiua proc ..... may provide usable 

~ater supply to the plant while s1multana;;:sly providtDa pre.sure relief 

to the ZODa of dispo.al. 
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UPEND IX 

Definition of Terms 

1. U - Exact number of required 1mas. welb 

2. ANGLEF - Ansle of fault wedse, decr.e. 

3. BLINE - Lenath of leakiDi fault lin. or space line, feet 

4. DP - Depth of pen.tration, feet 

5. F - Outflow factor 

6. F! - Fault throw, f.et 

7. IA - Counter for de.ilnating·~u"tributing line 

8. ICE - Fault block number or area number 

9. J - Image well number 

10. JD - Monitor point number 

11. JJ - Number of real injector 

12. K3 - Counter for elap.ed time period, day. 

13 • MN - Number of transfer 1mase well. alona an individua1 line 
(500' increment.) 

14. N - Total DUmb.r of calculated 1ma.e well. plus real -.11 for each 
fault w.dge (or liDa) 

15. NP - Fault line uuaab.Z' 

16. PR - Inc:r_ntal iuc:Z' .... (or decrea •• ) in piuOII.tric bead from 
real or 11aaae well. f.et 

17. QA - Outflow aero •• individual lin. 

18. QC - Cumulative injection - this injector, .allons 

19. QD - IncremantJl difference in rat. of recharle or discharle, lpa 

20. QP - Inj.ction rate of partial pen.tratina w.ll. lpa 
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21. QT .- Cumulative injection - all inj ectors- this block, gallons 

22. lU - Ima,e",eU reduction factor 

23. s,M - Slope of fault line or space line 

24. ST - Sand thickness, feet 

. 25. SUM - Algebraic sum of PR values at each monitor point location, JD 

26.SUMT - Total · pressure buildup at monitor point, feet 

27. SUMPRS - Pressure bu~dup contribution from adjacent fault blocks, 
feet 

28. T - Number of days since injection began to ttme of pressure 
determination 

29. TR - Fault transmissibility 

30..n - Avera.e transmissibility of saDd iu fault hloc:lt, ,uloul/dayl . 
foat 

31. WHP - Wellhead pressure @ mcuitorpo1Dt, JD 
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Appendix 4-6 

Area of Review Determination Review of Artificial Penetrations 

(Texas Water Commission, 1977) 
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REVIEW OF ARTIFICIAL PENETRATIONS 

Improperly plugged or completed wells which penetrate the injection 
zone pose a serious constraint to injection operations. The deter­
mination of what constitutes an improperly completed or plugged well 
is a difficult problem. Among the many variables are geology. 
completion methods. plugging methods. expected reservoir conditions. 
etc. 

There are several schools of thought concerning the radius of investi­
gation for artificial penetrations. This Agency has used as a rule of 
thumb, a 2 1/2-mile radius. This is not an absolute requirement. The 
distance can be adjusted as the circumstances require. For example, 
after making Reservoir pressure calculations, it may be determined 
that a 3-mile review is required because of a large pressure increase 
at 2 112 miles. On the other hand, low volumes in a thick reservoir 
may result in a insignificant pressure at I mile. However, later 
requests for volume increases can result in a second record search. 
In order to maintain a uniform approach to the radius of review, all 
applicants should submit data for 2 II2-miles with the application. 
Additional data can be submitted if needed after an evaluation is 
made. 

Generally speaking, dry holes on the Texas Gulf Coast were abandoned 
without long string casing left in the hole. Surface casing was 
generally set and cemented . at the base of fresh water and no long 
string was set. A plug is normally set at the base of the surface 
casing and at the top. The hole and the casing between plugs is 
usually filled with drilling muds. Due to the unconsolidated nature 
of the Gulf Coast Sediments and the plastic nature of most tertiary 
shales. abandoned well bores probably do not remain open for long 
periods of time. 

In the west and north central part of the State, injection . zones. 
confining beds and most of the overburdened strata are competent. 
indurated rocks. Well bores remain open for indefinite periods of 
time. and frequently drilling fluids and cement may not be in the well 
bore because of lost circulation zones. 

A well which has been properly abandoned is one where interformational 
transfer of fluids does not occur or will not occur as a result of 
Injection. Although our primary concern is protection of groundwater 
resources, oil or gas formations, or other mineral bearing zones may 
be affected, i.e .• magnesium is produced from the Yates Formation and 
other commercial brines probably exist in. the State. 



Probably the greatest danger from artificial penetrations occurs in 
the West Texas area. Most · reports of flowing abandoned wells or 
ground-water contamination from oil field brines is from this area. 
There are several possible causes for this, but it is primarily the 
result of well bores, which do not collapse around casing or do not 
dose after casing is removed, or the fact that lost circulation zones 
are common and the hole may be unintentionally abandoned or completed 
without adequate mud or cement. Another problem common to all areas 
of the State is some wells are temporarily abandoned with casing in 
the hole and then forgotten. 

Often the infonnation submitted with an application is inadequate, 
incomplete or in error. For example, many tabulations indicate that 
the well is a producing well, however, the well may not . have produced 
in many years and is temporarily abandoned. In order. to check the 
status, the Railroad Commission records must be reviewed. Fonn W- 10, 
semi-annual well status reports and Rule 14B(2) (plugging) exceptions 
are two methods of establishing well status. Additionally, the "Well 
Schedule" is a computer print-out of all active wells and is updated 
monthly. There are separate schedules for oil and gas and are filed 
by district. 

Additionally, all of the penetration in the area may not be tabulated 
or listed by the applicant. The General Land Office maintains 
up-to-date records on oil and gas well' locations as does the Railroad 
Commission. The RRC also maintains reproducable field maps which have 
generally been updated within the past year. 

After all the data has been assimilated, a detennination must be made 
is a hazard exists. Using all the data available, some conflicting 
conclusions can be made. There are .no unique solutions to the 
problems and a value judgment may be required. 

There are several rules of thumb which can be applied. None are 
absolute and the reviewer should use individual knowledge and 
experience to supplement these ideas. 

(1) In the Texas Gulf Coast area, the bore holes nonnaJly do not 
remain open for a long period of time. The weight of the 
drilling fluid (if the hole remains open) or the collapsed 
sediments should prevent any upward migration of native fluids if 
reservoir pressures are . not significantly increased. A rule of 
thumb has been a pressure increase of 15 psi/l ,000 feet of depth. 
This is based on the pressure differential of a 9.5 lb. mud. 
nonnal Gulf Coast reservoir pressures, and a considerable safety 
factor. 



(2) In West Texas area, uncemented well bores can result in vertical 
avenues of escape. Generally, wells 
injection zone should have cement across 
to prevent corrosion, casing failure and 
contamination of produc~d fluids . 

which penetrate the 
the injection interval 
escape of fluids of 

(3) It is not uncommon to find wells which have been abandoned with 
long string casing still in the hole and the well has not been 
plugged. Therefore, if no information concerning the well can be 
found, we should . proceed as if it is not plugged and has long 
string casing in the hole. This is probably one of the most 
dangerous situations which can exist. 

In summary, artificial penetrations, which are through the confining 
beds is one of the most· serious problems in any injection operation . 
Each application for a well must be thoroughly evaluated in terms of 
reservoir pressure increase and artificial penetration in the area. 

I n order to review the surrounding penetration and to determine if a 
hazard exists, an accurate picture of the well and well status is 
necessary. 

3 . 
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Investigation of Artificial Penetrations in the Vicinity of 
Subsurface Disposal Wells (Johnston and Greene, 1979) 



c 

NOTICE 

The following report titled " Investigation of Artificial 
Penetrations in the Vicinity of Subsurface Disposal Wells" is 
a draft of an in-house report and as such it represents an 
unfinished on-going project. The Texas Department of Water 
Resources requests that the report not be reproduced for 
general distribution and that it be used by the U.S.EPA only 
for the purpose of reviewing the Department's proposed 
Underground Injection Control Program. 
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ABSTRACT 

The distance to which artificial penetrations should be reviewed in 
the vicinity of an injection well is dependent upon many variables 
including the hydrologic and geologic characteristics of the disposal 
zone, wastewater properties, injection rates and volumes, amount of 
separation between the base of fresh water and disposal zone, and 
other disposal operations utilizing the same interval. The Texas 
Department of Water Resources uses a 21h-mile radius of investigation 
as a rule of thumb for evaluating applications for waste disposal wel'l 
permits; however. this distance can be adjusted if reservoir pressure 
resulting from well injection calculated using the nonequilibrium 
formula developed by Theis (1935) warrants. Recommendations to 
reenter . and plug abandoned · wells were made when pressure calculations 
indicated injection well operation might create a hazard in improperly 
plugged wells. 

One method of establishing a uniform radius of investigation · is the 
evaluation of disposal zone models. The models demonstrate the 
sensitivity of the radius of investigation to changes in different 
reservoir. fluid and injection variables. Since · evaluations of 
artificial penetrations are made prior to drilling a disposal well, it 
is sometimes difficult to obtain accurate data for the variables 
affecting reservoir pressure. The investigation of a 21h-mile radius 
should be continued unless prior justification of a smaller radius is 
supported by reliable reservoir data. Injection operations should be 
reevaluated using the · data obtained from reservoir testing after well 
completion. 

1 . 



INTRODUCTION 

The Texas Department of Water Resources (TOWR) is the permitting 
agency for underground injection of industrial wastewater in Texas. 
One of · the aspects of evaluating the suitability of a subsurface 
disposal project is the investigation of artificial penetrations in 
the vicinity of a proposed injection well. The distance to which 
abandoned or completed wells should be reviewed depends upon may 
variables. including the hydrologic and . geologic characteristics of 
the disposal zone. wastewater properties. · injection rate and volumes, 
amount of separation between base of fresh water and disposal zone. 
and other disposal operations utilizing the same interval. 

The TOWR uses a 2 Ih -mile radius of investigation as a rule of thumb. 
If reservoir pressure calculations indicate a significant pressure 
increase at 2ih-miles. it may be determined that a greater area of 
review is necessary. Initially, all applicants must submit data on 
all known penetrations within a 21,1 ~mile radius of investigation, 
unless prior justification for a smaller area of review is made. 
Additional data can be required · if the reservoir pressure calculations 
warrant. 

The determination of what constitutes an improperly completed plugged 
well is a difficult problem. Generally, a well that has been properly 
completed or abandoned is one where interformational transfer of 
fluids does not occur or will not occur as a result of changes in the 

" reservoir pressure. Although our pnmary concern is protection of 
groundwater resources, oil and gas formations and other mineral 
bearing zones (i.e.. magnesium produced from brines in the Yates 
Formation) should be protected. 

The evaluation of a well must consider the regional geology, 
completion or plugging methods. and expected reservoir conditions. 
Most dry exploratory (oil wells) holes on the coastal plain were 
abandoned with surface casting set and cemented at the base of fresh 
water and long string casting was usually pulled. Cement plugs were 
set at the base of the surface casing and at the surface with drilling 
mud left in the hole in most wells. Due to the unconsolidated nature 
of the sediments and the plastic nature of most Tertiary shales. 
abandoned well bores probably do not remain open for long periods of 
time; however. for the technical evaluations of aquifer penetrations, 
the holes are assumed to remain open. 
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In the west and north-central part of the State injection zones. 
confining beds and most of the overburden strata are more competent. 
indurated rocks. Well bores will remain open for indefinite periods 
of time, and frequently drilling fluids and cement may not be in the ( 
well bore because of lost circulation zones. 

Probably the greatest danger from artificial penetrations occurs in 
the West Texas area. Most reports of flowing abandoned wells or 
groundwater contamination f~om oil field brines are from this area. 
There are several possible causes for these problems including well 
bores that do not collapse around the casing or close after casing is 
removed, or lost circulation zones that force operators to uninten­
tionallyabandon or complete a well without adequate mud or cement . 

. Another problem common to all areas of the State is wells that are 
temporarily abandoned with casing in the hole and then forgotten. 
Often erroneous data is submitted on plugging or completion reports. 
For example. many tabulations indicate that a well is producing; 
however, the well rna).' not have produced in may years and is 
temporarily abandoned. 

3 . 
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METHOD OF EVALUATION 

The staff evaluation of artificial penetrations primarily consists of 
review of the completion and/or plugging records · in the subject area 
to identify improperly completed or abandoned wells. , The pressure 
increase caused by the proposed injection program is calculated for 
each potential problem well using estimated values for transmissivity 
and storage in the nonequilibrium formula developed by Theis (1935). 
Multiple well and image well effects are considered where applicable. 
The non equilibrium formula in United States Geological Survey units is 
expressed as: 

t1h = L 14.6Q . r • 
T I 

I 
I 
I 
I 
J 1. 87r2 S 

Tt 
Where: 

U = L.87r2 S 
Tt 

t1h = change in head at observation point (feet) 
Q = discharge of well (gallons per minute) 
T = transmissivity (gallons per day per foot) 
r = distance to observation point (feet) 
S = storage coefficient (dimensionless) 
t = time (days) 

The nonequilibrium formula is based on the following assumptions: 

1) the aquifer is homogeneous and isotropic 
2) the aquifer is of infinite areal extent and constant thickness 
3) . the discharging (injecting) well has a small diameter and 

completely penetrates the aquifer 
4) water is released instantaneously from storage 

Although no aquifer exists in nature that meets all of these 
assumptions, the nonequilibrium formula can be applied successfully to 
estimate pressure changes. The nonequilibrium formula was modified by 
Wenzel (1942) as follows: 

t1h = 114.6Q W (u) 
T 
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Where W (u) represents the "well function of utI and other terms are as 
previously defined. 

r 
I 
I 
I 
I 
J 

CD 

2 
1.87r S 

Tt 

-u 
e 
u 

2 = W (u) = -0.577216 = log u + u u . -
2.2! 

3 + u 
3.3! 4.4! 

-15 
Values for W (u) for values of u from 10 to 9.9 were tabulated by 
Wenzel (1942). 

The formula for obtaining u, as previously stated. is: 

2 
U = 1.87r S 

Tt 

To solve the above equations and estimate pressure increases (6h). the 
storage coefficient must be determined. The storage coefficient is 
the volume of water that is released or taken into storage per unit 
surface area of an aquifer per unit change in the component of head. 
normal to that surface. The formula for the coefficient of storage 
is: 

( a) 
S = f(w) 0 m U3 +0) (modified after Jacob (1950» 

Where 

few) = weight of I cubic inch of formation water at stated 
temperature (pounds) 
o = porosity 
m · = thickness of saturated aquifer (inches) 
a = l/bulk modulus of compression of aquifer skeleton (square 

inches per pound) 
8 = lIbulk modulus of compression of aquifer water (square 
inches per pound) 
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REVIEW OF WASTE DISPOSAL WELL FILES 

A review of TDWR Staff Technical Reports written during the evaluation 
of Industrial Waste Disposal Well Applications Nos. WDW-33 through 
WDW-l5 1 was conducted to detennine the distances from injection wells 
at which improperly abandoned or completed wells have previously posed 
a hazard to freshwater resources. The scope of this review is limited 
to those wells described in the Technical Reports as potential 
problems. An evaluation of the artificial penetrations in the 
vicinity of many of the earlier pennitted wells should be made using 
real values for reservoir conditions and pressures ·· resulting from many 
years of injection. 

Recommendations to reenter and plug an improperly plugged well or to 
install a monitor well were made when the calculated increase In 

pressure at a potential problem well was predicted to · 6e sufficient to 
cause fluids to migrate up the well bore of the problem well from the 
injection zone to the base of freshwater. If pressure calculations 
indicated that the inj~ction well operation would not result in a 

. significant increase in pressure at an improperly plugged well, 
plugging or monitoring was not recommended. 

If pressure calculations indicated a potential hazard- where plugging 
was not practicable. a pressure monitor well was installed and a 
provision in the pennit required the permittee to cease injection 
operations and recomplete in another . zone or plug and abandon the 
disposal well when reservoir pressures approached a critical level as 
indicated by the pressure in the monitor well. This approach was 
taken with Celanese Chemical Company's disposal wells which are 
located near the Clear Lake Oil Field where twenty producing wells 
were completed with insufficient surface casing. A graph of the 
pressure increase since 1976 is shown in Figure 1. 

Of the files on 91 waste disposal wells reviewed, 39 Technical Reports 
described a total of 58 wells considered to be potential problems (not 
counting the 20 producing wells with insufficient surface casing near 
Celanese Chemical Company). Plugging or monitoring was recommended in 
the Technical Reports for 25 improperly completed or abandoned wells 
at distances ranging from 250 to 16,400 feet from the injection well. 
Calculations of pressure increase indicated that the injection 
operations would not create a hazard in 33 of the potential problem 
wells evaluated at distances ranging from 2,800 feet to 14,500 feet. 
These figures are listed in Table 1 and represented graphically in 
Figure 2. 
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This review suggests that no standard radius of investigation of 
artificial penetrations can be applicable to all proposed subsurface 
disposal projects. The distance from an artificial penetration to the 
injection well is only one of many variables controlling the pressure 
increase as a result of injection operations. For example, a 
recommendation to plug or monitor an unplugged well 16,400 feet from a 
proposed injection well in Harris County was made due to an injection 
rate of 1.650 gpm (WDW-89 and WDW-90) with nearby injection wells 
utilizing or permitted to utilize the same interval (Ethyl Corp. 
Permit No. WDW-86 @ 1000 gpm). Conversely, pressure calculations 
indicated no hazard for an unplugged well 2,800 feet from a proposed 
injection well in Nueces County (WDW-97 and WDW-98) based on an 
injection rate of 250 gpm with no other injection wells utilizing the 
same interval. Discussion of the relative significance of the 
variables affecting pressure increase is necessary to determine the 
distance from a proposed injection well at which artificial 
penetrations should be evaluated. 

7 . 



A (J 

Figure 1 

Celanese - Clear Lake Monitor Well Water Levels 

1976 .1 1977 1978 -..1 
0 

MM J S N J M M J S N J M M J S N 
-5 

-----~ 
"-' 
f.Ll -10 

INJECfION OPERATIONS CEASE AT 
FLUID LEVEL OF 5 FEET 

U « 
~ -15 

co 
V) 

~ -20 

0 
~ 
~ -25 

~ -30 

~ 
-35 

-40 

-45 



Table 1. Evaluation of Petential Problem Well Recommendations 
waste Disposal Well Permit Nos. ~33 to ~151 

wrM No. 

33, 45, 69* 
34,113,114 
51 
59, 71, 99 
49 
70 
73 
78 
78 
80, 127, 128 
80, 127, 128 
82, 83 
82, 83 
86** 
89 & 90*** 
89 & 90 
91 
92 
97, 98 

103 
105 
110 
111 
119 
123, 124 
126 
130 
133 
139 
140 
141 

No. of wells Distance (feet) Recommendation r 
20 

4 
2 

1 
2 
2 
2 
3 
1 
1 
1 
1 
4 

1 
1 
1 
5 

1 
1 

-2 
2 
1 
1 
2 
4 
1 
3 
1 
2 

7,920 to 13,200 monitor 
10,200, 13,200 & 2 @ 12,000 ~p calc no hazard 
10,000, 10,560 ~p calc no hazard 
10,000, 10,560 plug or monitor 
12,000 ~p calc no hazard 
11,800, 12,500 ~p calc no hazard 
5,400, 7,800 ~p calc no hazard 
3,000, 4,000 plug or monitor 
5,900 to 6,000 ~p calc no hazard 
10,800 no hazard 
12,700 plug 
8,000 ~p calc no hazard 
4,900 . plug or monitor 
1,900, 4,500, 5,000, 7,280 plug or monitor 
10,000, 12,000, 12,400, 16,400 plug or monitor-
14,500 ~p calc no hazard 
7,920 plug or monitor 
250 plug 
2,800, 6,700, 13,000 & Ap calc no hazard 
2 @ 13,200 
9,000 
9,500 
10,000 
3,300 
10,500 

. 3,600 
@ 10,500 
5,800, 6,500, 6,900 & 9,900 
1,320 
4,800, 2 @ 10,000 
5,000 
5,500, 6,500 

~p calc no hazard 
~p calc no hazard 
Ap calc no hazard 
~p calc no haza~- ) 
~p calc no haza t,., 
plug or monitor ~ 
~p calc no hazard 
plug or monitor 
plug or monitor 
~p calc no hazard 
plug or monitor 
plug or monitor 

* Celanese Chemical Co. disposal wells are located near the Clear Lake Oil 
Field where some producing wells have short surface casing. 

** 1,000 qpIl 
*** 1,650 qpIl 
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Initial Review No Hazard 
Plug or Monitor Well Recommended Later 

1 - WOW 86 1000 gpm 
2 - British - American UT B-1 Plugged by Monsanto & Amoco 
3 - WOW 89, 901650 gpm 
4 - WOW 51 No Hazard; WOW 59, 7199 - plug Of monitor 
5 - WOW 130 monilOf 



DISPOSAL ZONE MODELS 

Establishing unifonn regulations for a reasonable radius of r?'\ 
investigation of artificial penetrations around Injection wells is a \ ( ) 
complex problem due to the many variables that affect pressure. 
Models of disposal zones have been developed in an attempt to quantify 
the . effects of some of these variables. The relative significance of 
the values assumed for these variables with respect to reservoir 
pressure can be assessed in this manner. 

ASSUMPTIONS 

A primary concern in the preliminary evaluation of a subsurface 
injection program is to insure that sufficient area around the 
disposal well is investigated; therefore. parameters required for the 
determination of the radius at investigation were selected which would 
result in a conservative analysis. The reservoir. fluid. and 
injection characteristics assumed for a general analysis are as 
follows: 

I. porosity 
2. penneability/viscosity ratios 

.10 to .30 (percent) 
10 to 400 milidarcies/ 

centi poise ( md/ cp) 
3. thickness. 
4. depth of injection zone 

100 feet I 
5.000 to 7,.000 feet \.. I 

5. rock compressibility 
6. water compressibility 
7. fluid density (unplugged well bore) 
8. initial reservoir pressure gradient 
9. fracture gradient 
10. maximum injection rates 
I I. project life 

CALCULATION 

4.8 x 10- to 3.2 X 10- 6 psC 1 

-, -1 
3.0 x 10 psi 
9.0 Ib/gal 
.45 psi/ft. 
.65 psi/ft. 
~350 gpm (gallons per minute) 
25 years 

The increase in reservoir pressure resulting from 25 years of 
injection operations is estimated from the Theis non-equilibrium 
fonnula. The critical pressure shown on Figure 3 is the pressure 
required to displace 9 Ib/gal mud in an unplugged well bore. These 
values are detennined at various distances for three assumed depths 
(5.000, 6.000, and 7.000 feet) and five assumed penneability/viscosity 
ratios (l0. 40, 100, 200, and 400 md/cp). Bottom hole pressure in the 
injection well is calculated assuming a fluid density of 30-40,000 ppm 
TDS (specific gravity of 1.04) and the bottom hole pressure in the 
unplugged well bore is calculated assuming a 9 lb/gal mud is left in 

11. 
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the well (specific gravity of 1.085). The data is also plotted for 
porosity ranging from .10 to .30 and rock compressibility ranging from 
4.8 x 10- 6 psi/lb. A net sand thickness of 100 feet was assumed and 
various injection rates up to 350 gpm were used. 

The maximum injection rate was determined that would not result in 
reservoir pressure exceeding the fracture pressure and is indicated on 
Figure 3. The fracture gradient was assumed to be .65 psi/ft and 
Figure 4 is a graph of the effect of ±5% error in the fracture 
gradient. Figure 5 is a graph of the effect of an error of ± 2 % in the 
initial reservoir pressure estimation. 

LIMITATIONS 

The limitations of a conservative nature of the disposal zone models 
presented include: no allowance for friction loss or skin effects. 
assuming constant injection rates and pressure for 25 years, constant 
(l00 fi) thickness, assuming well bore of improperly plugged well 
remains open, and assuming hydrologic communication with improperly 
plugged well. Other limitations include the assumptions of: 
homogeneous isotropic media, compatibility. 
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CONCLUSIONS 

The review of TDWR Staff Technical Reports prepared during the 
evaluation of waste disposal well applications indicated that the 
recommendations as to potential hazards of artificial penetrations 
were not strictly distance-related. Generally, more recommendations 
to plug abandoned wells were made for the closer wells evaluated. 
however. the exceptions show the significance of the assumed values 
for reservoir, fluid, and injection factors. 

The disposal zones models demonstrated the relative significance of 
the reservoir. fluid and injection variables with respect to areal 
influence of well injection. The principal factors affecting 
reservoir pressure increase resulting from well injection appear to 
be: injection rate. thickness. initial reservoir pressure. 
permeability/viscosity ratios, method of plugging or · completion of 
investigated wells. and depth of disposal zone. These models 
emphasize the necessity of obtaining accurate reservoir data for 
evaluation of pressure inc~eases. 

This report only scratches the surface of the possible applications of 
disposal zone models to predict pressure increases due to well 
injection. This. approach should be very useful in evaluating salt 
water disposal projects associated with oil and gas production. The 
data developed from the disposal zone models indicates that the 
current practice of investigating artificial penetration within a 
2 I/Z -mile radius around proposed industrial waste disposal wells should 
be continued, unless . justification based on reliable reservoir data 
indicated othetwise. The modification of the disposal zone models to 
fit specific injection well sites should be considered, where 
applicable. Reevaluation of the radius of significant pressure 
increase should be examined when the reservoir data becomes available 
after well completion. 
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CALCULATICNS 

Fracture Pressures ±5% 

-5% 
Depth Frac. 
( feet) Press. p 

5000 3090 840 

6000 3705 1005 

7000 4325 1175 

Formation Fluid Density ±2% 

Depth -2% 

5000 

6000 

7000 

2205 

ASSUMPTlOOS 

d - 100 ft. 
t - 9125 days 

Q - 350 gpn 

0 - 0.1 to 0.3 

145 

APPENDIX 

Frac. 

Frac. 
Press. 

3250 

3900 
4550 

DeEth 

2350 

2800 

3290 

press. 
p 

+5% 

E 

1000 

1200 
1400 

+2% 

100 

120 
140 

- formation breakdown pro 
- Frac press - bottom 

hole pressure 

Frac. 
Press. p 

3410 116 
4100 140 
4780 160 

2295 

depth - 5000, 6000, 7000 feet 
frac. gradient - 0.65 psi/ft. 
frac. pressure - 3250, 3900, 4550 psi 
mud density - 9 lb/gal 

a - 4.8 x 10-' to 3.2 X 10-' .-1 
PSl specific gravity (mud) - 1.085 

bottom hole pressure (unplugged well) B-3 X 10-' p6i-1 

k/u - 10, 40, 100; "200, 400 m/cp 
p - 1.04 (Formation Fluid) 

2350, 2820, 3290 psi 
specific gravity (water) - 1.04 

bottom hole pressure - 2250, 2700, 3000 

(injector) 



~ - 1146.0 w (u) 

T 

u 2 
- 1.87 r S 

Tt 

Where: 

~ - change in head (feet) 
o - discharge (gpn) 

T - Transmissi vi ty (gpd/ft) 
W(u) - well function of 

r - radius from injection well (feet) 
t - time since injection began (days) 
S - storage coefficent 

S - F(w) "m (B + !) 
l ,,) 

Where: 

F(w) - formation factor 
" - porosity (percent.) 
m - thickness of aquifer (inches) 
B - compressibility of water psi/lb 
a - compressibility of aquifer skeleton psi/lb 
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APPENDIX 

Parameter Time Q 0 · a B S k1u p Depth Radius 6p 6p+BHP 
Units Da~s gpm % I,!si/lb . I,!si/lb md/cl,! ratio h. h. (!si (!si 

9125 50 .10 4.8xlO 
-6 3xlO- 6 .00023 10 1.04 5000 10 1716 3966 

30 10 1030 3280 
8000 105 2355 

50 6000 10 l716 4540 
35 10 120t 3900 

8000 123 2353 
50 7000 10 l716 4870 
40 10 1375 4525 

8000 141 3290 
9125 50 .10 -6 3xlO- 6 .00023 40 1.04 5000 10 470 2820 4.8xlO 

5500 103 2250 
6000 10 470 3170 

4000 121 2821 
7000 10 470 3620 

3000 137 3287 
100 5000 10 940 3190 

14000 102 2350 
6000 10 940 3640 

12000 118 3288 
7000 10 940 4090 

10000 138 3290 
105 5000 10 985 3235 

15000 100 2350 
I~O 6000 10 1200 3920 

15000 123 2920 
150 7000 10 1408 4560 

15000 142 3292 
50 .10 4.8XIO- 6 3xlO- 6 .00023 100 1.04 5000 10 198 2450 

750 98 2350 
6000 10 198 2900 

300 120 2820 
7000 10 198 3350 

100 140 3290 



Page 2 

Parameter Time Q 0 a B S kJu p Deptb Radius 6p 6p+BHP 
Units Da:is ~m ~ esi/lb esi/lb md/ce ratio h. h. (!si (!si 

9125 100 .10 4.8XIO- 6 3xlO- 6 .00023 100 1.04 5000 10 397 2650 
6000 99 2350 

6000 10 397 3100 
4000 120 2820 

7000 10 397 3550 
2500 140 3290 

200 5000 10 793 3050 
18000 100 2350 

6000 10 793 3500 
14000 121 2820 

7000 10 793 3950 
11000 140 3290 

252 5000 10 1000 3250 
23000 100 2350 

300 6000 10 1200 3900 
22500 120 2820 

7000 10 1400 4550 
22500 140 3290 

9125 200 .10 4.8XIO- 6 3xlO- 6 .00023 200 1.04 5000 10 410 2660 
8000 100 2350 

6000 10 410 3100 
5500 120 2820 

7000 10 410 3560 
3500 140 4550 

300 5000 10 619 2870 
17000 100 2350 

6000 10 619 3320 
13000 120 2820 

7000 10 619 3770 
10000 140 3290 

9125 300 .10 4.8XIO- 6 3xlO- 6 .00023 400 1.04 5000 10 321 2570 
5500 100 2350 

6000 10 321 3020 

0 
3200 120 2820 

0 0 '----- " 
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Parameter Time Q " a B S klu p Depth Radius 6p 6p+BHP 
Units Davs gpm % psi/lb psi/lb md/cp ratio ft. ft. psi psi 

7000 10 321 3470 
1800 140 3290 

30 10 1040 2390 
9000 104 2350 

35 6000 10 1219 3919 
9000 122 2820 

7000 10 1393 4543 
9000 140 3290 

50 .30 3.2XIO- 6 3xlO- 6 .000185 100 1.04 5000 10 200 2450 
750 100 2350 

7000 10 200 3350 
130 141 3290 

250 5000 10 1005 3250 
25000 100 2350 

350 7000 10 1407 4556 
25000 141 3290 

263 .10 4.8XIO- 6 
. -6 

.00023 100 1.04 5000 10 1045 9125 3xlO . 
16000 145 

200 10700 145 
100 2200 145 
50 100 145 
241 10 955 
lIOO 35000 55 
200 31000 55 
100 16000 55 
50 4800 55 
25 450 55 

9125 111.5 .10 4.8XIO- 6 3xlO- 6 .00023 40 1.04 5000 10 104(' 
10800 145 

100 9400 145 
50 2600 145 
35 1400 145 
25 225 145 

102 10 955 
23000 55 
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Parameter Time Q " a B S kJu p Depth Radius 6p 6p+ BUP 
Units Days gpm % ____ psi/lb psi/lb md/cp ratio ft . ft . psi psi 

60 15000 55 
30 

4.8XIO- 6 3xlO- 6 
6600 55 

9125 SO .10 .00023 10 1.04 SOOO 10 1716 
30.5 10 1046 

6000 144 
20 3400 14S 
10 700 14S 
27.8 10 955 

12000 55 
9800 55 

10 5000 SS 

~ 
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Appendix 4-8 

Determining the Area of Review for Industrial 
Waste Disposal Wells (Barker, 1981) 
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Ab.tract 

Th. ar.a of r.view t. d.fined by the radial 

distance from va.t. di.po •• l well. in which the injection 

formation fluid pr ••• ur. incr..... .uffici.ntly to force 

formation fluid. and/or inj.ct.d va.t.. up abandoned well 

bor.a to ~ntaminat.und.r9rouad .ourc.. of drinking 

vater. Th. co.t of corrective action required to prevent 

auch contamination vithin ~e ar.. of review can be con­

sid.rabl.. To minimize ~e coat .... oci.ted vith aubaur-

face diapoaal operation. an appropri.t. area of reveiv 

muat be adequately defined. Thi. r.port provid •• a 

aimplified procedure which can be utilized to determine a 

miniJllwD are. of review which can be .. fely applied to ~ C / 
given aubaurface injection operation. 
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CHAP'l'!R I 
'INTRODUCTION 

Introduction 

Th. incr.ased fluid pr ••• ur. in • disposal zone 

which results from a w.st. inj.ction operation may force 

- injected and/or form.tion fluid to migr.t. up an abandoned 

well bore vhich penetrates the inj.ction formation. 

Should migr.tion occur, comaingling with underground sour­

c •• of drinking vat.r mat r.sult. Wh.n. vast. injection 

w.ll r •• ch •• its ~esign life (typically tw.nty years) the 

radi.l di.tance form the injector .t which the potential 

for fre.h vater contamination exists is defin.d as the area 

of revi.w. Environm.ntal regulation. require the well «' I 

operator to take corr.ctive.action, .s requir.d, at each 

ab.ndon.d well vithin the ar.a of r.vi.w to insure that 

contamin.tion do.s not occur. The co.t of corrective 

action can be significant. Ther.for., it is ess.ntial 

that the area of review be adequately defin.d before 

corrective .... ur •• are undertaken. This paper presents a 

siJaplified procedure which can be utilized to calculate 

the .rea of r.view. 

If an abandoned well va. not produced, drilling 

mud remains 1n the well bore since it has no means of 

escape. To evaluate the potential for fluid migration up 

1 
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such a well bore the force. which act on this static mud 

column within the well bore muat be determined. In ~ost 

cases the wells were drilled with water base drilling muds 

which develop a gel structure when allowed to remain 

quiescent. To initiate flow up the abandoned well bore 

the fluid pressure in the formation must exceed the sum of 

the static mud column pressure (Ps) and the gel strength 

pressure (Pg). The area of review is defined as that area 

within which the ~ll life formation pre.sure (Pf) is 

greater than (Ps ' + (Pg ). 

Theoretical Development 

Figure (1) repre.ents a vertical force diagram of 

the static mud column in an abandoned vell bore. The 

equation for the force balance tate. the following form, 

w + 

Where, 

simplify aru: let rw • D, equation 1-1 becomes 
2 

Pf - Pt • 0.052Pb + 4bGS 
D 

(1-1) 

neglecting surface pre •• ure (Pt) and converting to 

con.istent field units, 

Pf • 0.05~ Pmin h + 3.33 x 10-3 ash 
Omax 

Ps • 0.052 Pminh -- repre.ents the static mud 
column pressure 

Pg • 3.33 x 10-3 ~ -­
emax 

represents the gel 
strength pressure 

(1-3) 
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( Pf represents the v.ll llfe formatlon pressur~. 

The pressure vhlch results at a radlal dlstance r from the 
• 

lnjectlon v.ll at time t after the start of injection of a 

vaste of small and constant coapress1blllty at a constant 

rate Q throughout the 11fe of the v.ll into an infinite, 

isotropic, homoqeneous, horizontal re.ervoir of uniform 

thickness and porosity is well approximated by, 

Pi 

4 

-~ 
i;ii £i ~.u:k~) (l-4) 

~ocedure for Determining Tha Are. of ... iev 

The propos.d procsaure for determlning the are. of 

re.lev for vaste injectlon v.lls is predlcated on the 

follOWing basic assumptlonsa 

.1.) The static mud coluan extends to the surface and 

is uniform in denslty. 

2.) Abandoned well bore dlametel's used in calcula­

tions are equal to the blt dl .. eter plus two 

inche. wilere bit nfers to that usee! to drill the 

hole at the depth of the injectlon eormation. 

3.) The gel strength applied to all wells is 20 

Ibs/lOO ft. 2 

4.) Injectlon pressures vill not exceed the fracture 

pre. sure of the injectlon foraatl~n. 

5 .) Known abandonee! well. for willcD no data are 

a.allable vill be .. signed the minimuft mud den­

sity and the large.t bit di .. etel' noted for all 



• 

wells with,in a 2~ lIile radius of the injector. 

6.) None of the abandoned wells were completed and( ) 
produced. 

7.) All pre •• ures are calculated at the top of the 

injection formation. 

8.) All abandoned wells were drilled with water base 

nluds. 

9.) None of the abandoned wells are plugged. 

Utilizing the developed theory and applying the basic 

a •• umption., it i. po •• ible to coapare Pf with Ps + Pq • 

The area of review will be defined by the radial distance 

fro. the injection well at ¥bicb Pf)P. + Pg. 

The procedure employa an iterative process to deter­

mine ~e appropri£te area of review for a given injection 

operation. The first iteration conaiders all abandonel( ) 

wells wi thin a 2~ .ile radius of the injection wells. 

Once an area of review is determined, the process is . 

repeated conaidering only thoae wells within the deter­

mined area of review. The iterative process is repeated 

until both the minimum mud density (~in) and maximum bit 

di .. eter at the deptb of the injection formation (Omax) 

for the abandoned Wells within the previously defined 3rea 

of review no longer vary with the iterations. When ~in 

and omax stabilize the resulting area of review is the 

true are. of review for the specified injection operation. 

The procedure is demonstrated by the following example • 

. . . ' "." -.. ". ' ". . .... . . . . . ... , 
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Example 

An industrial vaste injection operation is pro­

posed to dispose of 500 gal/min of vaste for a period of 

20 years. The vaste vill be injected into a sand for­

mation at a depth of 5000 ft ... ploying two injection 

wells each operating at a rate of 250 gal/min. Figure (2) 

displays the abandoned well locations with respect to the 

injection wells. The mud densi,ties and bit diameters for 

all abandoned wells are as noted in Table 1. The per- ' 

tinent formation and fluid characteristics tor the pro­

posed operation are pre.ented in FigureC l) • 

8y means of a digital co.puter it is possible to 

use the devel~?ed theory to plot Pf, Ps ' and 's + 'g as a 

function of ~~e radial distance froa the injection vell as 

shown in' Figure (l). The area of review is indicated by 

the radial distance from the injector at which the well 

life formation pressure inter.ects the constant pressure 

line 's + 'g. For injection operations which ' utilize 

multiple injectors at a single site, the total flow of the 

wells can be input .. one vell and the area of review ade­

quately approximated as that of a single well. Likewise, 

for vells of variable flow rate, an average, constant fl01 

rate can be utilized to obtain satisfactory approximate 

results. 'g is calculated by using the largest bit 

diameter noted on well logs for all abandoned wells withi 

a radial distance of 2~ mil •• of the injectors. 

. ........ .. .... " .... ·._.·.0 .• " .. " .-... .- .. .. . 



7 

.;.. 0 • 2 J If ~ . , • . " " " I.) 141 I. I, " " i't II JI 11 Z' Z., ,. 2' l'f 

III • :.. ...... 
31 

,. I·N'~ 
eft 

~ • • ." ,. 
~ At • 

~ • ,., I 
II • '7Z 

3 
n =11 a • 4- • • • 
~ ~ . • " • II 

11 ~ • ... • v 
• ~., •• . ... 

Z'f 4J • 
U ,I ~ ~ • u P • ~ ,''' . 11 • '. ' lie ,.a.,' 

" • a. • • ,If .. ,. ,f, 
" J J r'. • 
" 

• III '" '~ J • .,. =-~I" '7 
, ,. . ... ". ,. 

• • I. .. _ . .- -A- ..... I'lf • 

" I • "" .as 
, 

•• A~ 1£1 

• - • • • • .. II Z i"l 1 4 II. '''' - • ." ,. .11 .. .. ., 
" 'If a.J,I 

It ('/ • :. '11 • • • II . J6 11 It ! .. .,1 , • • .. ." , • • , • • 'I' 'fIf J I , "'0 It , • A I ff 

• a • • " .. 
t • 

A " Of 

1 

1 

~ 
• IL131" ~U Z711 ~ 

• 1 J » If f • ., • , ,. II 1& •• I. ,I I. ., It " • I' 

• A'AND'N ID WIL.~ '/~ CJo\ • 1000 F'~ 
~ PROPO.uO ~N"E'''%ON W! .. ~S 

PIGUBE 2. Abandoned &ad lJljeotioa .ell loc.tiona 





." Z:'N«b"'d<~ -)w;:a-;pp OC ... ..-..:;.,.· it ·, e ........ y, YTE,,; .... "";.,;-.. ;:; ~~ 

U 
II 

c..i 
rt 

La 
n 
• i 
u 
rt 

u 
CO 

u - .. , ,'" 
• ... _" 
u,i .-.. 
"',,, 
&. ..... 
!l= '~ .l .. 

"'" CI' ". 
••• a 
Au 

II 
:ij!' _u ...... ...... ,.. 
to­
a 
Su cr. .. c, . 
.. :,: 

". 

... 
n 
o .. ,.. 

.t .. 

\ 

Flf'1Ef~~ (RRD I US) 
1( HELL LIFE FOnHA "1 ON PRESSURE· 
X SIRllC HUO COLUHN pnESSLJnr 

~ COHHINfO SHCr RNO GEL 51 

" .'~. . ... 

, 

OF REVIEW 
INPUT 
IiIL II .... ' ... l.,.IMISf •• 2 .. .. 
1 .. "11 •• , .... ... ... GM ... II • SOOCI. 00 
.,. '11'.' .......... UII"., • II •• 75 
.,-.... ,...-c .... I.,,... ."... . .. .. 
......... , ....... '.'SUM "'.11. • 21Z ... DO 
fI"."nKl ... II." .... n 
...... , __ .... WIl ... , ....... ." ..... .. 

IfaRIlII""'.II"l'DRIIC"" ..... .. 
, ........ " •• " ...... 1M." 

,-"" .. ""'..... • I. H 
Lift • • ..... e .......... fI .... '. • 20.00 

fl.u •• e .... " .... II .. ""... • •. 00CI0Cri00 • •• e ................. ." ..... I. II 
......... cen .... ' 'Ult .'.'GIIlI.,., • \GU.OO 
..11 •• 1111 .... _ ."''' •• ''M •••.• u e" •• '1fIl .... ,.",...... • .... . 
11 ••• 1 .... fl. .. "". .. ........... . 
... fl. .... ., eflC .. "'" , .... . 

rrctf'AJr'''' ... , .. ,. • 
,.,,... •• •• Ill ....... _, .. , ",... • u ••. ,. 
51.. II ...... ""SUM "'.11. • H.'. "",,e _ c .... ,.,,... "" ••• 2 .... DO e_.IIl. lilt, _ iii'. ,. "" ••• ,.n .•• 

• 

....•. __ .. -. .-~.::.:..:. ---";.::::::-=.:;:.:-, . --...--..~ "-'~. :'-::-.: 7"" 

.. .... _" _ .. ,. - - _. . -.- ... - • 
III 

r::::::\ 
L·! 

,al ' 
.. , , i i . ' , I 
1... uo • U. !JO 20. 0') )0. OU 40. UU ~U. / 10. !i0 10. UU Ii). 00 90. 00 

'1110 I At 0 I !'-. (f F roOH I H Jf C 1 on I f I I • 10' 
) .UO.oo • i ... uo rim .'o.ou .... ). 

~ 



c 

I 
I 
I . 

r • 

10 

Thi. provid •• a worst ease d •• ign. Similarly, Ps is 

calculated utilizing the mintmum mud d.nsity obtained from 

l~s for the sam. radial distance from the injector. 

rigur. (3) indicat.s the ar.a of r.vi.w for the example 

usinq these criteria as approximat.ly 7000 ft. 

rigure (4) is a computer g.n.rated plot which 

displays the location of the isobar on which Pf • Ps + 

Pq and indicate. those abandon.d wells which lie within 

the area of review d.fined by the isobar. 

Con.idering only the abandoned vell~ contained 

within the i.sobar defined in Piqure (4), the area of revie, 

is re~alculated. Th. new ar.a of revi.w, as noted in 

rigur.s (5) and (6), is an ar.a enca.pas.6d by a radial 

distance of approximately 3800 ft fro. the injection wells 

which eontains only 3 abandon.d wells. It is noted that 

in the second iteration th •• in~um mud d.nsity (Qmin) 

has increased from 9.4 to 9.5 lbs/gal and the maximum 

corr.cted bit diam.t.r (c.ax) ha. d.creased from 11.875 in 

to 9.875 in. Another it.ration of the procedure yields 

the .... valu.s for Qmin and Omax. Th.refore, the area of 

revi.w d.fined is the true ar •• of review for the spe­

cified injection operation. 

corrective action must be considered for all well! 

within the area of revi.w. , Th.r.fore, each of the three 

wells should be analyzed on an individual basis using the 

-:- ... -. . .. . .. .. .. ..... . .. .. ' . .. 
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developed theory. After individual analysis it is 

apparent that well number 121 is capable of allowing fluid 

to migrate up its well bore. If records indicate that 

well number 121 was properly plugged no corrective action 

would be required prior to conducting the proposed waste 

injection operation. 

Conclusions 

1. The costs assocfated with record searches and field 

surveys undertaken to determine the plugging history of 

abandoned wells can be avoided if the wells lie outside 

t~e area of review determined by the described procedure. 

2. The costs associated with plugging abandoned wells 

located outside the calculated area of -review can also be 

avoided. 

3. Since the pressure cone' resulting from the injection 

operation falls off quickly the size of the area of revie 

is extremely sensitive to small pressure differences at 

large radial distances from the injector. 

43. The number of abandoned wells which fall inside the 

area of review can be reduced by varying injection well 

locations, injection rates and the injection formation. 

NOMENCLA'1'ORE 

o - Diaceter of the well bore (in) 

omax - Maximum bit diameter (in) 

GS - Gel strength elbs/100 Ft2) 



• 

h - height of Mud column (Ft) 

rw - well bore radius (in) 

Pf - formation pressure (Psi) 

Pg - gel strength pressure (Psi) 

Ps - Static Mud column pressure (Psi) 

't - air pressure (Psi) 

w - weight of the mud column (16.) 

P •• mud density (lbs/9&1) 

Pm - minimun m~d density (lba/g&l) 

.. ~ .. · .. ·.·4·.·.·.·.-·-····.·"'·-··'" 
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\ CHAPTER II 

SACltGROOND 

The Environmental Atmosphere 

The rapid rate of industrial developement that 

exists in a highly industrialized country like the United 

States has given birth to a myriad of environmental 

problems which resist time and linger to haunt man for 

decades. Por example, the extensive uae of polych­

lorinated bi9henols (PCS's) as a coolinqmedium in 

electric transformers and capacitors presents a current 

problem which remains to be solved. The videspread use of 

PCS's has ~sulted in the distribution of millions of 

gallons·of nonbiodeqradeable, carcinogenic waste in tran!l­

formers located in our factorie.,schools, office 

buildings, and neighborhoods. Many of the transformers 

are leakinq and the public is unknowingly being exposed to 

the carcinogenic waste. Extensive use of the insecticide 

ODT and the insulating material asbestos haa presented 

similar environmetnal hazards. An environmental dilemma 

exi5t. in the case of PCS's and other hazardous wastes. 

Environmental groups have strongly opposed ~e establish­

ment of hazardous waste disposal sites within their 

geographic area of interest. The proposed disposal sites 

would utilize advanced technology to provide the best 

16 
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m~ans of disposal presently available. Without the 

establishment of the needed waste disposal facili ties ~ 

wastes will remain interdispersed throughout the populace 

where they pose a greater riak to man and the environment. 

It becomes apparent that the government, industry and the 

general pu~lic must cooperate and pool their rescu~ce5 if 

a logical and acceptable course of disposal action is to 

be pursued. The total dominance and infl -.aence of one 

interest group over another may destroy the o.lance 

required to allow growth and developement to continue 

while minimizing any adverse impact on the environment. 

The well managed and organized efforts of environ­

mentally co:;scious organizations have increased the put-lie: 

awareness of the dangers ¥bich result from the improp~~ 

disposal of hazardous wast~. These efforts and extens ~ ~ 
media coverage of the environlle~tal catastrophies resul.ti~ 

form the impr~per dispo.al of hazardous wastes (i. e. Lov, 

C3nal in Niagara Palls, New York) have fueled the proli­

feration of federal, state and local regulations desi;nea 

to protec~ man and the environment. These regu)' ·.ions , 

which govern all aspects of hazardous waste disposal, 

nece.sitate considerable capital inv.~~~ents by industry 

in the~~ efforts to attain compliance. Although few can 

di~pute the need to ~egulat. hazardous waste disposal, 

some of the regulations promulgated towards thi3 end :an 
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be questioned. Some requirements appear to be predicated 

on political, social or historical preferences or pcac­

tices, rather than evolving from sound engineering and 

scientific princip.ls which provide a oeans of verifica­

tion and/or justification. This approach has resulted in 

the unnecesssary expendature by industry of funds to gain 

compliance with the regulations. 

The Goal of Industrial Wast. Disposal Regulations 

The primary goal of the hazardous waste regula­

tions which govern the disposal of liquid hazardous waste 

is to protect underground sources of drinking water. The 

originators and enforcers of the r.gulations must not 

loose sight of this goal. The r.gulations should be 

enforced i~ a manner which ·allows the vaste generator to 

utilize the most advanced waste disposal technology 

available if it can be demonstrated that the technology 

provides the best environmental alternative for disposal. 

When more than one disposal option can be pursued, the 

regulatory agencies should encourage the generator to pur­

sue the best environmental option. The regulations should 

not be so r.strictive that they eliminate the waste dispo­

sal option which presents ~,e least potential fo~ con-

tamination of ground water sources of drinking water. 



Liquid Waste Disposal options 

Biological Treatment, Incineration, Off-site 

eisposal, On-aita Landfill, Surface Impoundment, and 

Subsurface Injection are liquid vaate disposal options 

available to the waste generator. Surface impoundment 

(evaporation) is the moat common and frequently utilized 

means of disposal for liquid hazardous waste. Annually, 

Texas generate. and dispo.es of 13.3 billion gallons of 

industrial wa.te in surface tm~undaents.l Since few of 

the tapoundm·~ts are lined, the potential for con-

tamination of ground water source. of drinking water is 

19 
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high. !Ven those evaporation tapoundmentslocated on low 

permeability clays present a contamination risk since no ~/ 

natural material is impermeable. The cost of modifying 

existing impoundment facilities to elimina,te the con­

tamination risk and/or to comply with regulatory require­

ments is prohibitive. To eliminate the risk other sources 

of disposal must be pursued. A preliminary study of sur­

face impoundment. examined 85 case histories of ground 

water contamination resulting from surface blpoundment. 2 

The study emphasizes the risks that result from utilizing 

surface impoundment dispoaal methods. 

To eliminate the contamination which is inherent 

with many of the existing surface impoundments it has 

become necessary to pursue alternate means of hazardous 
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vaste disposal. A disposal means which has gained in 

popularity during the past four decades is the subsurface 

disposal of vastes by injection into subsurface formations 

containing salt vater. Subsurface injection removes the 

vaste from the biosphere and confines it in deep geologic 

fornaations. Since 1951 over 42 billion gallons of vaste 

has been disposed of by subsurface , injection 1n'rexas 

alone. l 

Sumaary 

As of 1973, 20' of the total United States vater 

needs have been fulfilled utilizing ground vater. Ground 

vater fulfills more than 85' of the public vater needs in 

several states (Mississippi, ,rlo~ida, Hew Mexico, Idaho 

and aawaii).3 This heavy aependance on ground water as a 

source of drinking water de.ands every effort to protect 

the re.aining ground water aquifers from sources of con­

tamination. Once the aquifer is contaminated, methods 

available to return it to an acceptable level of vater 

quality are not presently economically feasible. 4 

Where geologic and engineering studies indicate 

that a !'rospective site is suitable for subsurface injec­

tion, this method of hazardOUS waste disposal should be 

pursued. Few cases of ground water contamination 

resulting from subsurface injection operations have been 
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documented. Technological advance. and more restrictive ~ 

waste injection regulation. have virtually eliminated the 

potential source. of contamination which presented 

proble.~ in the past. Sub.urface injection has demonstra­

ted itself to be an effective .. ans of hazardous vaste 

disposal. . Regulatory actions tha~ ~li.inate subsurface 

injection as a econo.ical .. ans of hazardous waste dispo-

sal vill adversely effect the quality of ground vater 

either directly or indirectly. 

o 
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CHAPTER III 

D!T!RMINING THE AREA or REVIEW FOR INDUSTRIAL WAST! 

DISPOSAL WELLS 

Introduction 

During the course of the paat four decades dispo­

salof hazardous vaatea 'by meana of subsurface injection 

haa emerged as an ~cceptable alternative to surface dispo­

sal methods. At present, subaurface inj4ction is con­

ducted at more than 300 induatrial waate dispo.al wells 

located at ~everal geologically favorable site. throughout 

the country. The largeat concentration of industrial 

w.ate disp~~4~ wells is along the, Gulf eoaat of Texas. 

Figure (7). The majority of the we11a 'inject waste into 

zones located below ground water source a of drinking water 
, , 

at depths between 3000 and 7500 feet. The disposal wells 

are de.igned to inject into sedimentary formations, 

approximately 62' of which are sand formations and 34' of 

which are limeatone dolomite. S The sedimentary basins 

which provide deep reception formations containing brine 

may also contain shallower formations saturated with 

ground vater suitable for drinking. Since most industrial 

site. are located within or near densely populated areas 

which may rely heavily uponundergroundd sources of 

drinking water, precautions must be taken to ensure that 

... - -.... ... 

22 
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the waste injection operations do not contaminate the 

overlyinq formations eontaininq drinkinq water. 

In compliance with the Safe Drinkinq Water 

24 

Act,6 The Environmental Protection Aqency (EPA) has deve­

loped minimun requirements for state operated programs 

desiqned to requlate the subsurface disposal of industrial 

waste by injection. This effort is desiqned to protect 

underground sources of drinkinq water from endangerment 

resulting from underground injection operations. The 

technical criteria and standard. for use by the states in 

the developement and implementation of their state 

Underground Injection Control (UlC) Programs were pro­

mulgated by the Federal Register on 24 June 1980. 7 Texas 

was the first state to have an injection well regulatory 

program and to a large extent the rederal Ule Program was 

patterned after the Texas guidelines. The Texas 

Department of Water Resources (TDWR) recently promulg~eed 

the Texas UlC progr&:l.8 'rhe program e.tablishes the stan­

dards and technical criteria which '''ill govern subsurface 

disposal of industrial waste in Texas. Appendix A 

discusses the standards and criteria establishes by ~~e 

EPA and TDWR. 

Several potential sources of groundwater con­

tamination may develop du~inq the life of an injection 

operation. Potential sources include: 1) failure of th 

injection well, 2) faults or fractured confining zone, a 
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3) upward migration of'vaste. via the abandoned well bores 

which penetrate the pro.pective injection zone. An ade- r 
quate hydrogeologic survey should eliainate the possibi­

lity of injecting into exces.ively faulted zones and/or 

zones with fractured confining ~ck. Proper de.ign, 

installation, maintainance and monitoring of the injection 

well will virtually eliainate the injector .. a source of 

contamination. The potential for upward aigration of 

wa.te via the abandoned vell bore. however, · requires 

further investigation. 

This report review. the criteria which apply to 

cont .. ina~ion which may result fro. the aigration of 

native formation fluid and/or injected vaste up the aban­

doned vell bore. A procedure is pre.ented to determine c- ) 
which abandoned wells should be reviewed to determine if 

corrective action is nece •• ary to prevent the con­

tamination of ground water source. of drinking vator which 

may result from upward aigration in the abandoned well 

bore. The procedure is readily applicable in the Gulf 

Coast Area and can be adapted to other area. as required. 

Criteria Which ApplY to Abandoned Wells 

Defining the Area of Review 

The EPA and TDNK have proaulgated regulations 

defining the area of review for an injection vell or a 

group of wells.,,8 The EPA define. the area of review to 
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be the zone of endangered influ.nc. or a radius of ~4 mile 

which .v.r· is 1.... Wher. the zone of .ndangered 

influence is the area outlined by a radial sweep around a~ 

injection vell, fi.ld or project wh.re in the pressures i~ 

the injection zone may cau.. the aigration of the inj.cte~ 

and/or formation fluid into an und.rground source of 

drinking water. The computation of the zone of endangeree 

influence may be based on .ppropriate equations for 

pre.sure calculations and/or mod.ls and shall be deter­

mined for the life of the inj.ction vell system. Th. · TD~ 

define. the area of review for industrial waste disposal 

wells as a ~adius of 2~ aile. or an .re. of lesser radiu: 

if so dete~ined by the TDWR. Th. ainimun area of review 

allowed· by the TDWR shall not be less than a t'4 mile rad it 

distance from the injection vell. 

Ref.r.nc •• (9) and (10) indicat. that the TDWR uti-
. . 

lized a formation pres.ure incr •••• tol.rance of .01 or 

.015 pai/ft at well d.pth to calcul.t. the pressure resis 

tanc. in an unplugged ab •. ildoned wells. If the formation 

pr •• sur. doe. not exceed the pr •• sure increase tolerance 

at a giv.n abandoned well then the area ~f review may be 

reduced to exclude that well. Th. tolerance does not cor 

sider the characteristics of the fluid which occupies thE 

abandoned well bore. 
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Siqnificaace of the Area of Review 

The significance of the area of review is that th. 

regulations require wells within the area of review, which 

are not adequately plugg~d and which aa a result of injec­

tion operations may caus. contamination of subsurface 

sources of drinking water, to receive corrective action 

adequate to prevent such contaminaton as a condition ut 

the underground injection operating permit. 

The required corrective action is usually the 

plugging of the abandoned well with c.ment. Since 

plugging wells can repres.nt an extensive capital invest­

ment, an adequate definition of the area of review becomes 

an important economic factor whicb must be considered when 

the wa.te injection fea.ibility study is conducted. If ~ 
area was fully developed as .. result of oil and gas 

exploration the area defined by a 2~ mile radius would 

contain mere than 300 vells. Tbe QOst of 10~atin9 and 

plugging that number of wells would be prohibitive. 

The Texas OIC regulationsa requirA the subsurface 

disposal well permit applicant to subait a technical 

report witb the application for permit. The information 

required in the technical report that relates to the area 

of review includes: 

1) A map indicating the location of the proposed 

injection well and the applicable area of review. 
~. ~ .. 

Within the area of review, the map must show t~ ) 
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number, or name and location of all prodvcing 

wells, dry holes, surface bodies of water, 

spring., mines, quarries, water wells and other 

pertinent surface feature. including residences 

and roads, 

28 

2) A tabulation of reasonably available data on all 

wells within ~ mile of the injection well and all 

wells within the area of review which penetrate to 

within 300 feet of the injection zone •. The data 

shall include a description of the type, construc­

tion date drilled, location depth, record of 

plugging and/or completion, and other information 

of each well as required, 

3) Maps and cross-section. indicating the general 

vertical and lateral limit. of those aquifers 

within the area of review that contain water with 

less than 3,000 mg/l Total Dissolved So~ids (TDS) 

and those that contain water with less than 10,000 

mg/l TOS, their position. relative to the injec­

tion formation and the direction of water move-

ment, where known, in each fre.h water aquifer 

which may be affected by the proposed injection. 

The cost ~f obtaining and preparing the above 

required information could represent a significant percen­

tage of the initial costs associated with the proposed 

subsurface waste disposal well. Thus the magnitude of the 
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effort required to prepare the permit application and ... 
technical report is con trolled to a large degree by' the ( 

de termined area of re', ~ev. 

Theoretical Description of the Pressures 

Acting at the Abandoned Well Bore 

Discussion 

The vast majority of the artificial penetrations 

which intersect potential injection aquifers are the 

result of oil and gas exploration and developement. 

Therefore, it is logical to conclude that a means of ade­

quately defining 'the area of review may lie in an 

understanding of the principals and practices which govern 

drilling and well completion operations. 

The rotary drilling method is predominately uti-

lized in the drilling of oil and gas exploration and deve­

lopment wells. This drilling method is dependant upon the 

use of a drilling fluid (mud) whicb performs several func­

tions which are vital to the method. Appendix B provides 

a brief discussion of the importance of drilling fluid to 

the rotary drilling method. Open completion of the 

drilling operation if the well is not completed for pro­

duction, the drill string and ~it are removed from the 

well bore. Drilling mud vill remain in the well bore. 

Since no means of escape exists, provided lost circulation 
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zones were not encountered, the drilling mud ~sed to drill 

the vell will remain in the well bore indefinately. 

I~portant Drilling Mud Characteristics 

One of the primary functions of the drilling mud 

is the removal of bit cuttings during the drilling opera-

tion. The mud must remove the cuttings from beneath ~~e 

bit, transport them up the well bore-drill pipe annulus 

and release them at the surface. During periods of 

. suspended circulation, the primary mud property which acts 

to suspend the cuttings in the .tatic mud column is the 

mud gel strength. Th~ gel strength develops with time as 

the mud col~~n remains quiescent. Since the bouyant force 

of a static :luid increases with density, drilling fluids 

of higher density are also capable of suspending cuttings 

during periods of non-circulation. The density of the mud 

also acc01llp11shes another important function, that of 

controlling encountered formation pressures by providing ~ 

static mud colwmn which is capable of exerting sufficient 

pressure to prevent the inflow of formation fluids into 

the well bore. 

Pre.sures at the Well Bore 

An abandoned well bore can be considered ~Q exist 

in a static state. For a static state to exist the force 

which act on the mud column must balance. Figure 1 repre 

sents a vertical force diagram of the static mud column j 

.. . .. ... . . . ..... . .. . ..... .... .. " ".' 
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an abandoned well bore. The equation for the force 

balance takes the followin~ form, 

w + 2Wrwh GS • . Pf wrw2 - Pt wrw2 

where w • w rw2lh 

(1-1) 

Simplifying the force balance :esults i~ the 

following pressure equation, 

Pf • Yh + 4hGS (3-1) 
D 

~r.ssure Generated by the Static Mud Column 

The hydrostatic lavo~ variance of 

pressure can be ~itten in the form, 

P • lh (3-2) 

Where I h denote. the beight of the 

liquid ~lumn~ ft P denotes the 

pre.sure at the base of the C'/ 
tical li-quid column of height h. 

Ibs/ft2 

1 denote. the specif~c weight, 

Ib./ft3 

Equation 3-2 can be transformed into the 

following u •• ble field equation: 

Ps • 0.052 Ph (3-3) 

.' 

Where, the contant 0.052 has the 

units gal/ft-in2 

P denotes the density of 

drilling mud, 1bs/ga1 

h denotes the height Of( j 
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static mud column,- ft 

Ps denotes the static mud 

column pressure, psi 

Pressure Required to Break the Gel Strenqth of the Static 
Mud Column and InItiate Plow 

Most oil and gas wells are drilled utilizing water 

base drilling fluids. When these fluids remain in a 

quiescent state a gel structure developes. The strength 

of this sttucture is important since the formation 

pressure would have to increase sufficiently to shear this 

structure before the mud in the abandoned well will flow 

freely. Melrose, et al l1 defined the pressure gradient 

required to rupture the gel strength and initiate flow in 

r horiz~ntal pipe as: 

~p • 4GS -n -0 
(3-4: 

equation 3-4 can be converted to the following 

usable field equation: 

Pg • 3.33 x 10-3 Gsh 
0-

(3-5 

Where: The constant 3.33X10-3 has the units ft/i 

h denotes the height of the static mud 

column, ft . 
GS denotes the gel strength of the 

drilling mud, lbs/100 ft2 (Gel strength 

pressure, Psi) 

o denotes the diameter of the abandoned 
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..... well bore, in Pg denotes the pressure ~ 

required to break the gel structure and 

initiate flow in a horizontal pipe system 

where gravity effects are negligible 

Formation Pressure Rise Durinq Injection 

The well life formation pressure (Pf) which 

results .t a radial distance r from the injection well at 

time t after the start of injection of a small and 

constant compressible fluid at a constant rate Q 

throughout the life of the well into an infinite, isotro­

pic, homogeneous, horizontal reservoir of uniform 

thickness and porosity is vell approximated by, 12. 

Pf< r, t) • Pi - oila E i t:tucr.!) 
4yKh \:' 4kt 

Appendix C provides a definition of the terms of equation 

3-6 and demonstrates the derivation of the equation from 

the diffusivity equation. 

Pressure Theory Summary 

The area of review may theoretically be defined as 

the radial distance from an injection well where in: 

The formation pressure is greater than the static 

mud column pressure + the gel strength pressure of the 

static mud column which occupies the abandoned well bore 

(3-7) 



I~ 
\ 

... 

Field Procedure for Determinin9 the Are. of Review 

Introduction 
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This section of the report promulgates a general 

procedure which can be utilized to determinp. the area of 

review for a proposed subsurface injection disposal opera­

tion. The procedure employs the developed theory to 

determine which abandoned wells must be reviewed to deter-

mine if corrective action is required. The corrective 

action is required to prevent the contamination of 

underground sources of drinking water which could result 

from the migration of waste and/or formation flu!d up the 

abandoned well bore. Application of the procedure during 

the initial planning stage. of a proposed injection opera­

tion could play an important role in the decision making 

process. The variations and .options provided by the pro­

cedure will allow planners the flexibility of varing the 

injection rates, well locations and other pertinent fac­

tors to insure that the required injection operation can 

be accomplished without the expenditure of funds to physi­

cally locate and/or correct abandoned wells unnecessarily. 

AasUJIPtions 

1. )'1'he static mud column extends to the surface and 

is uniform in density. 

2.) Abandoned well bore diameters used in calcula-

tions are equal to the bit diameter plus two 
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inc:h~= where t::it refers to that used to drill the 

"'-

3. ) 

4. ) 

s. } 

hole at the depth of the injec:tion formation r 
·The gel strength applied to all wells is 20 

Ibs/1OO rt2 

Injec:tion pressures will not exc:eed the frac:ture 

pressure· of the injec:tion formation. 

Known abandoned wells for whic:hno data are 

available will be assigned the minimum mud den­

sity and the largest bit diameter noted for all 

wells ·within a 2~ mile radiua of the injector. 

6.) None of the abandoned ¥ells were completed and 

produced. 

7.) All pressure. are calculated at the top of the 

injection formation. 

S.) All abandoned wells were drilled with water ~~C 
muds. (fresh water, salt water, oil-in-water 

emulsion. and surfactantmuda). 

9.) None of the abandoned wells were plugged. 

Ju~~ific:ation of Assumptions 

1.) Opon entering some abandoned wells it has been 

noted that s.gregation of the mud components doe 

occ:ur with time. A sedimentary process 

apparently occurs to SOBe degree within the sta­

tic mud column. Data describing the degree to 

which sedimentation occurs is not readily 

r~~:;:-·· .. ·: •. ·~; '.··.' · · " ........ ......................... .. ........... ' . ... ,', e'., . .. . , ·0 , -0 , " • • ". " . '0 • . • .... . 
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available since the' phenomenon has received 

little attention. If -segregation of· the mud 

column occurs the mud density will increase with 

depth. The actual characteristics of the density 

gradient is not known since it would vary with 

the mud type, composition and the characteristics 

of the formation drilled. Since the mud has no 

means of escape from the well bore the assumption 

that the mud column has a constant density with 

depths should result in the calculation of a sta­

tic mud colum pre •• ure .t the depths of concern 

which varies littl., if .t .11, from the actual 

pressure. Ser. ag.in th. gel structure would be 

-expected to incr •••• with depth because of the 

deposition of the gel producing particles at the 

lower portion of the well bore. The assumption 

of uniform mud consistency provides 'the only 

me.ns of calculating th. g.l strength pressure 

since the variations of gel strength with mud 

segregation in abandoned wells are not known. 

2.) Th. gel strength pressure (Pg) is inversely pro­

portioned tQ the well bore diameter, therefore tc 

compensate for th. larg.r surface casing the 

effective diameter of th. abandoned well bore 

will be the bit diameter used to drill the hole 
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at the depth of the injection formation plus two 
.... 

inches. 

3.·)- The justification for selecting 20 lbs/100 Ft2 

as the expected minimun gel strength for all 

vater ba.e mud. is discu •• ed in Appendix D. 

6.) If an abandoned vell va. completed and produced 

the fluid occupying the well bore will be a ligh' 

fluid vithout gel strength and the procedure 

described here would not apply. 

8.) aecause of the lack of gel strength associated 

with oil-ba.e, ai~ and ga. d~illing fluids wells 

drilled or completed with the.e fluids should be 

evaluated by alternate procedures. 

9.) Considering all vella to be unplugged allows~. 

pressure calculation. to be conducted on the~~a 

tic mud column in each abandoned well bore in an 

equitable manne~ fo~ all vells. 

Example 

Appendix E is an example which correlates with ~ 

procedural step. presented belove The example represents 

a two vell injection system vhich is injecting into a zor 

vith characteristics selected to emphasize the procedure. 

The abandoned wells repre.ent an actual field orientatior 

and the mud densities and bit sizes utilized were obtain4 

from the well logs for the various wells. 
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Step 1 

The tirst step in the procedure is obtaining the 

information required to calculate the pressures. Table 2 

lists the subsurface information required and the means by 

which it can be evaluated. An etfort to attain well logs 

tor all abandoned wells within a 2~ mile radius of the 

proposed injection well or wells should ensue. The 

appropriate state regulatory agency tor oil and gas 

exploration should be contacted tor assistance in 

obtaining well logs or a commercial log library can be 

contacted. 

Upon completion at a thorough investigation to 

locate all abandoned well. within the 2V2 mile radius of 

the injectors, the abandoned vell locations should be 

accurately indicated on a suitable map. An appropriate 

grid syst •• which indicat •• the distance, in teet between 

the abandoned wells should then be superimposed over the 

map. The grid system provides a means by which the rela­

tive distance between the abandoned wells and the injec­

tion vells can be determined so that the pressures 

resulting tro. the injection operation can be evaluated at 

each abandoned well. 
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TABLE 2. 

SUBSURPAC! INPORMATION RESPIRED POB PRESSURE CALC~LATlvN~ 

PRESSURE INPOaMATI~H ftETHODS AVAILABLE 
CALCULATED · DESIRED FOR D6I.UATIOM· 

Pormatloll 

Statlc mud 
colulln 

Gel strensth 

Poro.ltl Core aaa17.l., electric. sonl , 
and tadloact1ye 101. 

ferae.bllltl core analy.ls,buildup.drawdow: 
or lnJ.ctlvlt7 tests or 
electrie lOIs 

Pormatlon fluid Drill st •• t.st.hydrostaetc 
pre.sur. pre •• u~. grad1ent. pre.sure 

boab . 

'ormatioft .lect~ic loss, saDie loss. 
th1ckness rad1oactl.e logs 

Pormatlon d.pth electric, son1c .nd 
rad1oactl •• loss 

~d denslt! •• I~ Ips he.ders 

Formatlon depth (salle •• aboye) 

Blt 81ze •• 11 loS h •• ders 

Pormatlon d.pth (S&ll. a. .bo .... ) 

("/ 

G 
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Step 3 

Utilizing the information gathered in step one, 

the formation, static mud column, and gel strength 

pressures are calculated. The formation pressure calcu­

lated must represent the injection formation pressure at 

the end of the stated life of the injection well system. 

40 

A computer program INJWEL (Appendix F) vas developed to 

calculate the required pressures. Use of tl.e program is 

demonstrated in the example contained in Appendix E. The 

program calculates the formation pressure, static mud 

column, and gel.strength pre.sures up to a radial distance 

of 13,000 feet (approx. 2~ miles) from the injector. The 

program also generates an X-Y Plot of the formation, sta­

tic mud column, and static mud column + gel·strength 

pressures as a function of the radial distance from the 

injection well. The x-y Plot graphically approximates 

the atea of reviev by indicating thfl radial distance from , 

the injector vhere the static mud column + gel strength 

pressure exceed the formation pressure. Since most waste 

injection operations utilize more than one injection well 

the program can be used in these instances by assuming 

that the combined flov rates of all injectors is input 

into one vell. Since the vells are usually locnted rela­

tively close together this assumption should provide a 

realistic approximation of the area of review. The 

program is designed to calculate the formation pressure 
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utilizing an input flow rate or by determining a maximum 

allowable flow rate utilizing an input formation fractu~ 
pressure. 

The static mud column pressure calculated by 

INJWEL depends on the mud density '. 

's • 0.052Qh (3-3) 

Since the mud density varies with each abandoned 

well, the static mud column pressure will also vary. To 

define properly the area of review it is necessary to take 

the extreme case where 's is a minimun. Therefore the 

density to be utilized in the static mud column pressure 

calculation ~ust be the lowest density r.corded in the 

abandoned wells within a 2~ mile radius of the injectors. 

Equation 3-3 can be modified to yield the appropriate ~ 

equation: 

's • 0.052 Qmin h (3-8) 

The gel ~tren9th presure calculated by INJWEL is 

inversely proportional to the diameter of the abandoned 

well. Since the diameters of the abandoned ,wells vary, 

proper definition of the area of review requires the use 

of the minimun gel strength pressure calculated in the 

abandoned wells located in the 2~ mile radius of the 

injectors. This minimun theoretically will occur in the 

abandoned \.,ell drilled with the largest bit size at the 

injection formation depth. Equation 3-5 can be modified t 

yield the appropriate equation: -~ 

( 
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Pg • 3.33 x 10-3 Gsh 
o;;x 

(3-9) 

Where: D may denote the largest bit diameter at 

the injection formation depth plus two inches. 

Step 4 

The information obtained in step two is utilized 

in this step to determine the, formation pressure at each 

of the abandoned wells for the specified time period. The 

formation pressure is calculated by utilizing a computer 

program PRES (Appendix (G» which baa undergone some 

FORTRAN modification frOD the original program developed 

by carter. 13 The program determine. the formation 

pressure at each abandoned well at specified time.periods. 

For use in calculating the area of review the time must 

equal the life of the injectiQn well or wells. Although 

an average injection rate would suffice, the program i~ 

capable of determining the formation pressure at a spe~ 

cified time for wells injecting at varing rates. The use 

of PRES is demonstrated in the example contained in Appen­

dix!. In addition to calculating the pressures at the 

abandoned wells PRES also generates an X-Y Plot which lo­

cates the injectors and the abandoned wells on an appro­

priate grid system. The x-y Plot also contains an isobar 

which represents the static mud column + gel strength pres­

pressure calculated by INJWEL in step three. This isobar c 

fines the area of review. Inside the area encompassed by t 




